ABSTRACT
M
oyamoya disease (MMD) is a chronic, progressive cerebrovascular disorder with bilateral stenosis or occlusion of the supraclinoid ICA and its major branches at the surrounding area of the circle of Willis. 1 MMD exhibits diverse symptoms, such as TIA, recurrent TIAs, cerebral infarct, intracranial hemorrhage, headache, seizure, cognitive decline, ataxia, or choreiform movements; it can also be asymptomatic. In adult MMD, approximately half of the patients have intracranial hemorrhage, and the rest of the patients have TIA or cerebral infarct. 2, 3 Recently, MMD was reported to exhibit a bimodal peak of symptom onset in the ischemic type and a unimodal peak in the hemorrhagic type. 4 However, the cause of differential onset and the distinct presentation in MMD are not completely understood. Although angio-graphic factors causing intracranial hemorrhage in adult MMD, such as dilation and branch extension of the anterior choroidal artery or posterior communicating artery have also been reported, 5-7 direct comparison studies on the angiographic features according to stroke type in adult MMD have been limited. We hypothesized that there may be differences in major artery occlusion and collateral patterns according to stroke type. Because understanding differences in the angiographic characteristics of ischemic and hemorrhagic stroke types may be helpful to prevent future strokes and make a good prognosis in adult patients with MMD, this study aimed to compare the angiographic features of adult MMD with ischemic and hemorrhagic stroke.
MATERIALS AND METHODS
From 2002-2011, a retrospective adult MMD cohort in 8 hospitals was recruited. The study protocol was approved by the Institutional Review Board of Catholic Medical Center at the Catholic University of Korea. The inclusion criteria were as follows: 1) age Ն18 years, 2) compatible with the Japanese MMD diagnosis guideline, 1 3) radiologically proven symptomatic acute stroke, 4) digital subtraction angiography that had been performed within 1 month of the acute stroke, and 5) newly diagnosed MMD. Patients with Moyamoya syndrome or probable MMD, ethnicity other than Korean, incomplete radiologic data, or a term between acute stroke and DSA longer than 1 month were excluded. Those who had had repeat strokes at diagnosis or new strokes after surgical treatment were also excluded. The baseline characteristics were scrutinized, such as age at the initial diagnosis of MMD; sex; the presence of hypertension or antihypertensive medication history; the presence of diabetes mellitus or antidiabetic medication history; clinical symptoms, including headaches, weakness, sensory changes, visual disturbances, seizures, and decreased consciousness; initial Glasgow coma scale score; and mRS. An ischemic stroke was confirmed by use of MR DWI, and a hemorrhagic stroke was identified by means of CT, T2WI, or gradient-echo MR imaging of abnormal lesions, with a low signal indicating a hemosiderin rim that was larger than 0.5 cm. Acute ischemic strokes were categorized into 6 groups, as suggested by Mugikura et al 8 and Kim et al 9 : anterior cerebral artery (ACA) infarct; anterior watershed infarct between the ACA and MCA territories; anterior half of the MCA territory infarct; posterior half of MCA territory infarct; posterior watershed infarct between the MCA and posterior cerebral artery (PCA) territories; PCA infarct; and perforator infarct (PI). Acute cerebral hemorrhages were classified as follows: frontal lobe hemorrhage, temporal lobe hemorrhage, parietal lobe hemorrhage, occipital lobe hemorrhage, basal ganglia hemorrhage, thalamic hemorrhage, intraventricular hemorrhage (IVH), and SAH. Angiographic details of all the hemispheres included the following: angiographic stage as suggested by Suzuki and Takaku 10 ; ACA, MCA, and PCA occlusions; fetal PCA development (enlargement of the posterior communicating artery); ethmoidal Moyamoya development; leptomeningeal collateral from the PCA to the ACA or MCA territories; collateral flow through the posterior communicating artery from the PCA to the ICA; transdural anastomosis from the external carotid artery (ECA); and cerebral aneurysm (Fig 1) . Two independent neurologic physicians reviewed all the radiologic data. When a disagreement regarding the diagnosis and measurement between reviewers occurred, a consensus was drawn after a thorough discussion. There were 372 adult patients with MMD from 2002-2011. Sixty-four patients (17.2%) were excluded because of incomplete radiologic data (n ϭ 60) and other ethnicity (n ϭ 4; 3 Chinese and 1 Japanese). Among the remaining 308 study entrants, 130 (42.2%) were excluded because of presenting symptoms of chronic or recurrent stroke (n ϭ 71, 23.1%), TIA (n ϭ 40, 12.9%), headache (n ϭ 9, 2.9%), dizziness (n ϭ 4, 1.3%), seizure (n ϭ 1, 0.3%), and an absence of symptoms (n ϭ 5, 1.6%). Finally, 178 patients (57.8%) who had acute stroke and underwent DSA within 1 month from ictus were included. One patient with ruptured basilar apex aneurysm, 1 patient with pure IVH, and 1 patient with nonaneurysmal SAH were excluded from the final analysis because of an inability to define the laterality of the bleeding site.
Statistics
To compare the angiographic characteristics between acute ischemic stroke and hemorrhagic stroke in adult MMD, the stroke subtypes were grouped as follows: ACA infarct, anterior or posterior half of an MCA infarct and a PCA infarct into a large-artery infarct; PI; anterior watershed and posterior watershed infarct into a hemodynamic infarct (HI); basal ganglia or thalamic hemorrhage into a deep intracerebral hemorrhage; frontal, temporal, or parietal lobe hemorrhage into a lobar intracerebral hemorrhage; IVH; and SAH. To confirm the laterality of strokes, in cases of pure IVH, the stroke hemisphere was defined as the side of the lateral ventricle with the larger hemorrhage volume. The baseline characteristics and angiographic parameters between the ischemic and hemorrhagic hemispheres were compared by means of the 2 or Fisher exact tests for categoric variables and the t test for continuous variables. The Mann-Whitney U test was performed for non-normally distributed continuous variables. Twotailed tests were used in all statistical analyses. Statistical significance was established at a value of P Յ .05. All statistical analyses were performed by use of SAS version 9.2 (SAS Institute, Cary, North Carolina).
RESULTS

Patient Characteristics
The demographic data of 175 adult patients with MMD with acute stroke at diagnosis are summarized in Table 1 . The median age at diagnosis was 43 years (range, 18 -78 years). The male-to-female ratio was 1 to 1.57. Of the 175 patients, 44 (25.1%) had a history of hypertension, and 20 (11.4%) had diabetes. The most common symptoms of stroke were weakness (40.6%), decreased consciousness (35.4%), headache (29.7%), speech disturbance (23.4%), visual disturbance (9.1%), sensory change (5.1%), and seizure (2.9%). An initial Glasgow Coma Scale score Ͼ12 was observed in 133 patients (76%), and an initial mRS Ͻ3 was observed in 100 patients (57.1%). The angiographic stages were as follows: stage 1 in 29 hemispheres (8.3%), stage 2 in 87 hemispheres (24.9%), stage 3 in 137 hemispheres (39.1%), stage 4 in 65 hemispheres (18.6%), stage 5 in 29 hemispheres (8.3%), and stage 6 in 3 hemispheres (0.9%). Nine intracranial aneurysms were identified (5 ruptured and 4 unruptured). Seventy-nine patients (45.1%) had ischemic stroke and 96 patients (54.9%) had hemorrhagic stroke. Between the ischemic and hemorrhagic stroke groups, there was no significant difference regarding hypertension; however, diabetes occurred more frequently in the ischemic stroke group (17.7%) than in the hemorrhagic stroke group (6.3%) (P ϭ .018). With respect to symptom presentation, headache and consciousness deterioration occurred more frequently in the hemorrhagic stroke group than in the ischemic stroke group (P ϭ .002 and P Ͻ .001, respectively). However, sensory changes as well as speech and visual disturbances were more frequently observed in the ischemic stroke group than in the hemorrhagic stroke group (P ϭ .012, P Ͻ .001, and P Ͻ .001, respectively). The prevalence rates for weakness and seizure were not different between the 2 groups. The initial neurologic status (Glasgow Coma Scale and mRS) was better in the ischemic stroke group than in the hemorrhagic stroke group (P Ͻ .001 and .002, respectively).
Stroke and Angiographic Profiles
Acute strokes were identified in 181 hemispheres with 85 ischemic strokes (6 bilateral) and 96 hemorrhagic strokes among 350 hemispheres in 175 patients. In addition, 36 hemispheres with silent strokes with abnormal signal changes on T1 or T2 MR imaging were observed, and the remaining 133 hemispheres (control hemispheres) did not show any symptoms or abnormal lesions on brain MR or CT. Representative adult patients with MMD with acute ischemic or hemorrhagic stroke are illustrated in Fig 1. There were significantly more intracranial aneurysms in the hemorrhagic hemisphere than the control or ischemic hemisphere (P ϭ .002) ( Table 2 ). The proportions of acute stroke were as follows: LAI in 37 hemispheres (20.4%), HI in 35 hemispheres (19.3%), PI in 13 hemispheres (7.2%), deep intracerebral hemorrhage in 50 hemispheres (27.6%), IVH in 32 hemispheres (17.7%), and lobar intracerebral hemorrhage in 14 hemispheres (7.7%) (Fig 2A) . The ratio of LAI to HI or PI was 1:1.3, and the ratio of deep intracerebral hemorrhage or IVH to lobar intracerebral hemorrhage was 5.9:1 (Tables 3  and 4 ). The angiographic stage was significantly more advanced in the hemorrhagic than the control hemispheres and markedly tended to be more progressed in the hemorrhagic than the ischemic hemispheres (Fig 2C) . In the hemorrhagic hemispheres, ACA occlusion was more frequently observed compared with the ischemic and control hemispheres (P ϭ .001 and .01, respectively) ( Fig 3A, -C) . MCA occlusion was also more frequent in the hemorrhagic than the ischemic hemisphere (.039). Hemorrhagic hemispheres were more advanced than ischemic or control hemispheres with regard to ACA and MCA occlusion patterns (P ϭ .034 and .001, respectively) (Fig 3C) . In addition, collateral flows, including ethmoidal Moyamoya and transdural anastomosis from the ECA, were more common in the hemorrhagic hemisphere than in the ischemic hemisphere (P ϭ .036 and .022, respectively) (Fig 3E, -I) . Fetal PCA was also more frequently observed in the hemorrhagic hemisphere than in the control and ischemic hemispheres (P ϭ .001 and .011, respectively) (Fig 3F) .
For the subgroup analysis, according to the topographic patterns of acute stroke, acute ischemic strokes were dichotomized into LAI (37) and HI or PI (48), and acute hemorrhagic strokes were classified into deep intracerebral hemorrhage or IVH (82) and lobar intracerebral hemorrhage (14) . ACA, MCA, and PCA occlusions were found more frequently in the LAI group than in the HI or PI group (P ϭ .009, .031, and .003, respectively), but leptomeningeal collateral flow from the PCA to the ACA or MCA occurred more frequently in the HI or PI group than in the LAI group (P ϭ .001) ( Table 3) . ACA occlusion, PCA occlusion, ethmoidal Moyamoya, and transdural anastomosis from the ECA occurred more often in posterior circulation than in anterior circulation ischemic strokes (P ϭ .027, P Ͻ .001, P ϭ .026, and P Ͻ .001, respectively) ( Table 3 ). In the hemorrhagic hemispheres, only an ACA occlusion was observed more frequently in the deep intracerebral hemorrhage or a One aneurysm was identified in the infarct hemisphere (unruptured anterior falx artery aneurysm), and 8 aneurysms were identified in the hemorrhage hemispheres, consisting of 5 ruptured aneurysms (1 at the splenial artery, 2 at the anterior choroidal artery, 1 at the lenticulostriate artery, and 1 at the posterior cerebral artery) and 3 unruptured aneurysms (2 at the basilar apex and 1 at the superior cerebellar artery).
IVH group than in the lobar intracerebral hemorrhage group (P ϭ .009) ( Table 4) .
DISCUSSION
This study demonstrated that the hemorrhagic hemisphere in adult MMD was associated more with intracranial aneurysms, ACA occlusion, and fetal-type PCA development than the ischemic or control hemispheres. MCA occlusion and collateral flow, such as ethmoidal Moyamoya vessels and transdural anastomosis from the ECA, were detected more often in the hemorrhagic than ischemic hemispheres. ACA occlusion was associated with deep intracerebral hemorrhage or IVH. As independent risk factors for hemorrhagic stroke in MMD, anterior choroidal artery and posterior communicating artery dilation or extension have been described. [5] [6] [7] Moreover, cerebral microbleeds in adult patients with MMD were reported to be probable predictors of subsequent hemorrhage, and dilation and extension of the anterior choroidal artery or posterior communicating artery were independent risk factors of cerebral microbleeds in deep and periventricular white matter. 11 In our study, fetal-type PCA development was more commonly observed in the hemorrhagic hemispheres than in the ischemic or control hemispheres. In addition, we newly described the association of ACA occlusion and hemorrhagic stroke (Fig 3A, -C) . Intracranial aneurysms were also proven to be an independent risk factor for hemorrhagic stroke in adult patients with MMD ( Table 2 ). The more common prevalence of transdural anastomosis from ECA and ethmoidal Moyamoya vessel development in hemorrhagic hemispheres represent newly detected findings in our study ( Fig  3E, -I) . In the subgroup analysis, ACA occlusion and deep intra- cerebral hemorrhage or IVH occurrence were associated with each other (Table 4) . Taken together, these findings may show important differences between ischemic and hemorrhagic adult MMD. However, some researchers have reported that ischemic childhood MMD and most ischemic strokes might be associated with the degree of steno-occlusive changes in the ICA and PCA. 8, 12 In ischemic adult MMD, major artery occlusion, including ACA, MCA, and PCA occlusions, was associated more with LAI and posterior circulation ischemic stroke than with HI or PI and with anterior circulation ischemic stroke (Table 3) . Therefore, adult ischemic MMD may have angiographic characteristics similar to those in pediatric MMD with ischemic stroke. The hemorrhagic hemispheres in adult MMD showed more advanced angiographic stages (Fig 2C) than did the control hemispheres and demonstrated more progressive features (Fig 3) than did the ischemic hemispheres, particularly for ACA occlusion, MCA occlusion, ethmoidal Moyamoya, fetal-type PCA, and transdural anastomosis from the ECA. These characteristics may be important angiographic factors in adult MMD and are consistent with the findings of previous studies. 5, 13 Specifically, Morioka et al 5 demonstrated that in MMD, ischemic and hemorrhagic hemispheres in both pediatric and adult patients differed at the site of supraclinoid ICA occlusion or stenosis from the ophthalmic segment to the ICA bifurcation. The present study suggests that hemodynamic stress may differ between the ischemic and hemorrhagic hemispheres in adult MMD. Independent of MCA occlusion, ACA occlusion was more frequently detected in the hemorrhagic hemisphere than in the ischemic hemisphere (Fig 3C) , and intracranial aneurysms were more frequently detected in hemorrhagic MMD. According to the stroke subtype, the hemorrhagic hemispheres also had more bleeding sites near the midline structure or deep brain area than in the subcortical and cortical areas (Table 4) . Such angiographic differences in ischemic and hemorrhagic MMD might originate from genetic differences. With the identification of the first MMD gene, RNF213, rapid progress has been made in genetic research on MMD.
14 Miyatake et al 13 revealed
that in the homozygote c.14576GϾA variant of RNF213, 60% of patients were diagnosed with MMD before the age of 4 years, and all had ischemic strokes. They also showed that patients with homozygotes had a significantly earlier age at onset than those of the heterozygote or wild-type c.14576GϾA variants. According to their results, there may be large proportion of heterozygote (GA) or wild-type (GG) c.14576GϾA variants in RNF213 in patients with adulthood-onset MMD. 13 Unfortunately, there is still no report on the c.14576GϾA variant of RNF213 with MMD in Korea. Further genetic correlation studies with the angiographic and clinical findings of patients with Moyamoya in Korea may help us to understand the causes of different stroke types. Regarding the stroke risk factors in our cohort, there was a high incidence of diabetes but not of hypertension in ischemic MMD compared with hemorrhagic MMD (Table 1) . A future study on whether general risk factors, such as diabetes, affect stroke occurrence in adult patients with MMD is necessary. Although our results did not reveal a difference in the age distribution between ischemic and hemorrhagic strokes in adult MMD (Table 1 and Fig 2B) , there have been few studies reporting adult MMD in which the symptoms cross over. In addition, most of the symptoms occurred in the ischemic stroke after a hemorrhagic stroke. 9, 15, 16 These findings suggest that different stroke presentations in adult MMD may be associated with inherent factors. Bypass surgery may be helpful in reducing the risk of stroke development in adulthood-onset ischemic MMD, similar to childhood-onset MMD, whereas the effectiveness of bypass surgery for stroke prevention is still controversial in adult MMD with intracranial hemorrhage. [17] [18] [19] An additional study should be performed on whether a difference in the surgical efficacy between the ischemic and hemorrhagic hemispheres in adult patients with MMD may be associated with any respective angiographic differences.
Our study is limited by the representativeness of ischemic MMD, which included only ischemic stroke cases and no TIA cases. Thus, sampling bias may influence the results of this study. Furthermore, the dilation of the anterior choroidal artery was not assessed as a predictor of hemorrhagic stroke in adult MMD. An additional weakness of this study was that it only demonstrated an association and not causality between the angiographic differences and stroke types.
CONCLUSIONS
Most hemorrhagic strokes in adult MMD occurred near the midline or deep brain structures, in contrast to ischemic strokes. The angiographic status of an acute stroke hemisphere was more advanced in the hemorrhagic than in the ischemic group in adult patients with MMD. Major artery occlusion and collateral compensation occurred more often in the hemorrhagic than in the ischemic hemispheres. Thus, ACA occlusion with or without MCA occlusion and intracranial aneurysms may be main contributing factors to hemorrhagic stroke in adult patients with MMD. We suggest that there may be a potential phenotypic difference between patients with ischemic and hemorrhagic stroke in adult MMD.
